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PART I

EXECUTIVE SUMMARY
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AND

RELATED EFFORTS



EXECUTIVE SUWMARY - Task ET-3 - Atmospheric Refraction Measurements and
Related Efforts

1. Atmospheric refraction correction involves two effort3: (1) determi-
tiýrtion of the refractivity profile and (2) use of that profile in correcting
tracking data to compensate for the error. These efforts should be
considered as mutually dependent because each will affect the accuracy
of the results. In general a great amount of effort has been expended
at the various ranges to provide good mathematizal techniques for determ..
ination and application of the appropriate correction using whatever
refractivity is available.

2. This task has examined the effect of radiosonde refractivity measure-
ment errors on the attainable accuracy in correcting the refraction
errors. Meteorological Group estimates of rawinsonde sensor errors were
used in an extensive statistical study to determine how these errors
propogata through the refraction correction procedure. For a moist
climate, the results provide a conservative approximation to the magnitude
of refraction errors which mpy remain after the best available refraction
corrections are applied.

3. PRINCIPAL CONCLUSIONS

a. Accurate refractivity information is critical for making refrac-
tion corrections.

b. For precision missions, rawinsonde data errors may resvlIt in
position errors whilch far exceed an acceptable level.

c. For low elevation angle radar data, radar equipment errors are
frequently less than the residual refraction error. Thus, the cost
effectiveress of radar equipment accuracy improvements may be questionable.

d. (Ise of surface index of refraction alone in many instances will
yield results as good as those provided by rawinsonde profiles.

e. Rawinsonde data can sometimes detect abnormal conditions not
available from surface data alone.

f. Reduction of rawinsonde huraidity sensor errors is critical to
improvement of rawinsonde usefulness.

4. In efforts s;eparate from the ETMG task, the existence of short-term,
small-scale atmospheric fluctuations has only recently been adequately
described. Results of low elevation angle refractive bending measure-
ments made at USAF/Rome Air Development Center and MIT/Lincoln Laboratories
hive shown much larger short-term variations then predicted by simulation
methods.
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a. These short-term (five minutes to one, hour) variations are due
to small-scale atmospheric irregularities which are constantlIy changing
and which are not measurable by current meteorological sensors.

b. The general conclusion of the analysis of this limitation is,
again, that in many cases the use of surface refractivity provides
refraction corrections of comparable quality to rawinsonde-derived
refraction corrections.

c. To achieve more precise corrections, more sophisticated atmos-
pheric sensors providing real-time, continuous measurements of the
refraction environmnent along a given ray path will be required. In this
case "1real-time, continuous" means accurate atmospheric parameters every
10 to 20 meters along the ray path, u~pdated at approximately 30-second
intervals. It should be noted that achievement of th~is goal could
impose a requirement for improved computational techniques.4

5. In sunmmary: Present day use of surface refractive index and/or
rawinsonde derived profiles are providing good refraction corrections
for elevation angles above 10 degjrees, swch that the errors in the
refraction correction are less than the tracking system instrument
error. Below 10 degrees the refractiAon corrections can be the dominant
error source using current techniques. However, even when all radio-
sonde instrument errors are eliminated, there still exists an atmos-
pheric limitation caused by time and space variability which is of' the
same order of magnitude as the radiosondo induced sampling errors, Such
errors will provide a refraction correction error comparable to and
sometimes greater than the tracking system instrument error. This
limitation cannot be overcome by any current or projected atmospheric
sampling techniques.

6. RECOMMENDATIONS

a. Task the Meteorological Group to more precisely determine the
errors in rawinsonde parameters. If they differ from previous estimates,
the ETMG study should be reevaluated.

b. Efforts to devise better refraction correction techniques
should be deferred until better cost effective refractivity sensors are
available.

c. Efforts should be initiated/encouraged to improve means of
determining refractivity profiles.

_ _7,



PART II

RADAR TARGET HEIGHT DETERMINATION ERRORS

CAUSED BY RAWINSONDE INSTRUMENT ERRORS
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PREFACE

The Electronic Trajectory Measurements Group (ETMG) task on re-
fraction correction was originated in September 1972, with the optimis-
tic goal of definitively dissecting the refraction problem, establishing
those accomplishments which are possible and recommending equipments and
techniques to be used for various situations. As did earlier investiga-
tors, we found the problem neither readily bounded nor readily studied.

Since the atmosphere is a continually varying medium, even perfect
measurements of refractivity in a given location may not be valid for a
nearby region, and shortly after measurement will no longer be valid for
the region measured. Rawinsonde or refractometer measurements typically
involve the instrument being borne over a long distance during a consider-
able time period. The normal assumptions that the derived refractivity
profile is both spherically symmetric and invariant in time undoubtedly
introduce gross errors into any correction technique.

It was decided to begin the refraction study by adopting 'the ques-
tionable symmetric and invariant assumptions, and assuming that the only
error in making a correction for the refraction effect is introduced by
errors in measurement of the refractivity profile. That profile measure-
ment is assumed to be made by the most typically used instrument, the
rawin~onde. If good results are possible under these assumptions, then
the sensitivity to relaxation of the questionable assumptions could be
made.

b
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S*, RADAR TARGET HEIGHT DETERMINATION ERRORS CAUSED

* BY RAWINSONDE INSTRUMENT ERRORS

1. INTRODUCTION

Data from precision tracking systems operating in the microwave
spectrui,• must be corrected using tropospheric refractive index informa-
tion if required levels Df accuracy are to be attained. Since radio
waves passing through the troposphere are delayed ir time and bent down.-
wards, in accurate target positilon can be determined only if compen-
sation for these effects is sufficient. Correction techniques commonly
used range from making no correction at all to computing corrections
based on radiosonde data collected before, during and after a tracking
event of interest. (NOTE: "Rawinsonde" and "radlosonde" are herein
considereid to be synonymous.)

The use of radiosonde data in a refraction correction scheme is
generally considered to be one of the most accurate methods available to
correct for tropospheric refractive bending and range error. However,
it is rec(,gnized that the rdwinsonde system has severe dzta accuracy
problems %hen used to compute refractive index profiles. In particular,
the hulmidily sensor responds relatively slowly to abrupt changes in
humidity, .ausing the humidity measurement error to ýe the largest
source of e-ror '.. the calculation of the index of refraction.

An additional problem is the coarse height resolution resulting
from use of the pressure sensor as the temperature and relative humidity
commutator. Since the lower atmospheric layers are the major contribu-
tors to tropospheric refractive bending and range error, proper mapping
of this region would require sampling of the lower two kilometers at
many levels. iJnfortunately, the current radiosonde usually provides
less than five levels in the first two kilometers. This is insufficient
for reliable detection of ducting and accurate characterization of
refractive effects at low elevation angles.

A solution to the height resolution problerm utii'zed by at. least
one tracking orjanization is electronic commutation. However, the basic
inaccuracy and vi, response of the sensors is not changed by the addi-
tion of electronic commutation. Therefore, this report will address the
effects which the rawinsonde system errors may contribute to the error
in the target height determination when used 1,n correcting prei-ision
tracking radar data. Rawinsonde system errors considered are Himited to
the sonde senso,:- inaccuracies. The time lag problem is not includd in
this analysis.

2. APPROACH

a. Consider the position determined by, the use of one tracking
radar which produces measured slant range, azimuth and elevation angles

9 _ _ _ _ _



to the tarqet. The height calculated from the nmasured range and ele-
vation angle is the position component most sensitive to inaccuracies in
the tropospheric refraction corrections. The target height errors are
primarily due to errors in the calculation of the "true" elevation angle
from the measured elevation angle. As will be shown later, rawinsonde
system errors can result in errors in calculated target height of over
400 meters for objects in space and an error in calculating range of
less than 100 meters. Obviously this range error is much less signif-
icant and will not be addressed further here. The single tracking
sensor consideration does not take into account that the normal tracking
situation could involve combinations of data from several tracking
devices or from a sequence of tracking periods; some processing tech-
niques for multiple sensor data could decrease the reliance of the
target position determination on the measured elevation angle. However,
if a tracking hKndoff involving two or more high precision tracking
systems was part of the tracking mission, target height errors due to
one sensor could be a significant source of difficulty in effecting a
proper transition between successive sensors.

b. Major J. S. Schleher, Staff Meterologist assigned to the 20th
Surveillance Squadron, Eqlin AFB, Florida, has conducted a study of the
effects of rawinsonde errors in determining target height for satellites
tracked by the Eglin FPS-85 radar.' Various aspects of this study
parallel Schleher's effort; in particular, use of the Eglin rawinsonde
data and adoption of errors in target height as an error parameter. In
addition, we have included several target heights and slant ranges and,
more importantly, we have interpreted the actual rawinsonde system
errors somewhat differently. In addition, Schleher used rmonthly average
profiles for his base profiles while we have used actual rawinsonde
profiles taken during 1976. Differences in the final results of Schleher's
work and this paper will be discussed later.

c. The basic approach adopted to provide a reasonable measure of
the errors due to the rawinsonde system is Monte Carlo in nature. Using
the first refractive index profile in a given month which does not
exhibit ducting, the actual slant range to a target at a fixed height
was calculated for a series of elevation angles. In this paper the
target heights considered are 3 km, 15 km, 40 km, 90 km and 250 km and
the radar elevation angles were varied from 0.3 degree to 60.0 degrees.
Given the set of actual slant ranges and radar elevation angles for a
fixed target height, apparent target heights were calculated using 100
randomly varied (in a manner to be described later) refractive index
profiles which had the original profile as a base profile. The final
result for each target height and elevation angle combination was an rms
variation of the apparent target height. Two soundings, one at 060OZ
and the other at 1800Z for each of 12 months and 24 elevation angles
each at six heights, were used in this analysis, yielding a total of
3456 rms variation numbers (i.e., 2x12x24x6).

J .,
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d. The process of calculating the necessary tropospheric refrac-
tive bending, range errors and apparent target heights involved the
conversion of each profile from meterological parameters to index of
refraction and the use of a ray tracing program.

(1) The following expressions were used to calculate Lhe
index of refraction at each level:

N = (n-l) x 10- - 77.6 +4810 (1)

ýOhere: N = refractivity
n = index of refraction
P = pressure (mb)
T = temperature (deg. K)
e = water vapor partial pressure (mb)

The water vapor partial pressure, e, is not directly available from the
radiosonde data, but can be calculated as shown in equation 1.

e = (6.11) x lOk (2)

where k = (TDP x 7.5)/(237.3 + TDP)
and TDP = dewpoint temperature (deg. C)

(2) The program used to calculate the range error and bending
is a variation of the program used at the National Bureau of Standards
(NBS) during the 1950s and 1960s. The ray tracing is basically Schulkins'
method and is documented in Bean and Thayer's CRPL Exponential Reference
Atmosphere 2 and Bean and Dutton's classic Radio Meteorology.3

(a) By using the equations and computation criteria
described in reference 2, the computation errors of the ray tracing
program are much smaller than errors due to the rawinsonde system in-
"accuracies. The average base profile using the 1976 rawinsonde data
from the United States Air Force Environmental Technical Applications
Center (USAFETAC) contained 30 levels with the maximum level typically
being 30 kilometers. The original 30-level profile was interpolated,
primarily at the lower levels, so that the computation criteria of
reference 2 were met. The interpolation routine usually added 15 to 24
levels depending upon the targct height chosen and may also extrapolate
the top of the profile if the target height was greater than the radio-
sonde upper level height.

(b) An additional modification was made to the original
NBS program to allow the determination of apparent target height given a
measured slant range and radar elevation angle. The modification
followed the concept developed by GardnerW and has proved to be both
fast and accurate.

II



e. Although the rawinsonde systems 'ised have not changed signif-
icantly in the last 15 years and are essentially the same within the
United States, there are no reliable, consistent measurements of the
types and magnitudes of the rawinsonde system errors that can be applied
universally. A best estimate of expected errors was recently published
by the Range Commanders Council Meteorological Group. 5 Table I lists
the estimated errors and the limits associated with each of the rawiin-
sonde parameters.

(1) According to reference 5, the error estimates in Table I
are "...root mean square (rms) deviations about a mean• value which is
the best estimate of the measure of the quantity. By assuming a circu-
lar normal distribution, which is logical, the rms values can be equated
to one standard deviation."

(2) Based upon this definition, we haye used the error es-
timates in Table I as standard deviations in a random number routine
from the IBM Scientific Subroutine Package which generated Gaussian
distributed random numbers with a specified mean and standard deviation.
This routine has been used in several previous statistical analysis
programs and the statistics of the generated random numbers ari acceptable.
At each level, the pressure, temperature and relative humidity from the
base profile were varied using the Gaussian random number routine with
each parameter value as the mean and the errors defined in Table I as
the standard deviation. In the case of the relative humidity parameter,
the varied values were constrained to be within the 0 percent to 100
percent range.

(3) One question that arose in the use of a random number
routine to create the perturbed atmospheric profiles related to the
possible correlation of the errors at each leve l and between levels.
For instance, do eitKhr the temperature or relative humidity error
values include the case of a constant bias during an i dividual radio-
sonde ascent? A search into previously published results which at-
tempted to characterize rawinsonde system errors yielded little information
about the correlation or bias question. At least one experiment in-
volving one radiosonde and two co-located ground receiving sites resulted
in errors between the final outputs of the tw5 ground sites with magni-
tudes comparable to the Table I data. This indicated that the overall
system errors are due to both the sonde sensors and the radio transmission-
recelving-data reduction system. Since none of the references indicated
any degree of significant quantitative correlation between errors, we
assumed no correlation between parameters at any one level and no correla-
tion betgeen levels. This assumption should result in conservative
estimates of errors due to the rawinsonde system since any correlation
would tend to reduce the variability of the profiles.

(4) The assumption using the Table I data as standard dev-
iations in a Gaussian random number routine is the major difference

12 UW7 _ '1



TABLE I

PARAMETER ERROR ESTIMATE

Temperature Varies linearly with altitude from I degree
Centigrade at the surface to 2.5 degrees
Centigrade At 30 km.

Pressure Varies linearly with altitude from 0.1%
*at the surf ace to 1.0% at 30 km.

Relative Varies linearly with temperature from 5% at
Humidity +40 degrees Centigrade to 20% at -40 degrees

Centigrade

13



between the techniques used in Schleher's work and this paper. Schleher
used the same data as in Table I but assumed the errors to be uniformly
distributed within the designated limits. By assuming the errors to be
uniformly distributed, the standard deviation of the radiosonde errors
was only 58 percent of the standard deviations used in this paper and,
perhaps more importantly, no errors larger than the Table I limits can
occur. Obviously, the Gaussian assumption used in this paper resulted
in larger (but we believe n-," realistic) variations in the refractive
parimeters calculated using the randomily varied atmospheres.

f. We have discussed the method of converting the rawinsonde data
to index of refraction values, the Gaussian random number routine which
produced the perturbed profiles, and the ray tracing program which pro-
duced the various refractive parameters needed. The next step is to
utilize these tools to produce the desired error analysis.

(1) The basic profile data was supplied by USAFETAC in mag-
netic tape form. The data consisted of twice daily rawinsonde data runs
at 0600Z (local midnight) and 180OZ (local noon) for the year 1976 for
the Eglin AFB riwinsonde launching site. The analysis progra.m picked
the first profile for each month that did not produce ducting (thus
assuring an optimistic nature to results of this study) for elevation
angles of 0.3 degree and above. This profile, called the base profile,
was used to calculate the actual slant ranges for given target heights
and radar elevation angles. These slant ranges and radar elevation
angles represented a data set similar to that produced by a radar track-
ing a target at the given height which has to be corrected by using some
form of troposheric refraction parameter estimation algorithm.

(2) In this paper the corrections were derived by using the
Gaussian randomly varied profiles as input to the ray treicing progy'am
which then calculated an apparent target height. Repeating this ray
tracing calculation for 100 varied profiles resulted in a set of ap-
parent target heights for which the standard deviation was calnulateJ,
This standard deviation represents the expected error due to tht rawin-
sonde system errors for the target height, elevation angle, time of day
and month of the base profile. This procedure was repeited for all of
the cases considered.

g. Several steps were taken to test the validity of the specific
computer operations used in the final computations.

(1) First, as mentioned earlier, the Gaussian random number
routine was tested for correctness in generated values.

(2) Second, the sufficiency for error characterization of 100
randomly varied profiles for qach target height, elevation angle and
base profile combination was tested by increasing the number to 1000 and

114
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repeating the analysis program. Th~e difference in apparent error was
less than eight percent for several base profiles tested. This difference
was considered acceptable since high statistical precision i's not imper-
ative for a study such as this, and because the savings in computer time
resulting from limiting runs to 100 profiles was considerable.

(3) To determine if the use of actual profiles as the base
profiles was a problem, the base profile selection program was modified
to pick a valid profile later in each month and the entire analysis was
repeated. Again, the differences in results were small-, less than tk~
percent. This difference was considered acceptable since we felt the
use of actual profiles for the base provides more realistic variation
within the profile than using monthly averaged profiles. As a final
check, base profiles from 1969 were used in the same analysis program.
Againe, the differences in results were less than ten percent. During
the process of carrying out the actual analysis runs, the test runs and
the debugging runs, over 500,000 individual ray tracing calculations
werl? made.

3. ANALYSIS RESULTS

' a. The error in height determination due to the rawinsonde system
errors ranged from less than one meter for high elevation angles and/or
short ranges to over 4000 meters for the August 1800Z case where the
elevation angle was 0.3 degree and the target height was 250 km. This
posed a major problem for presenting the results from the calculations
described above in a concise and meaningful manner. For the purposes of
this paper, the results are primarily presented in graphical form and in
representative forms rather than as a comprehensive presentation of the
entire data set.

b. Figures la, lb, 2a and 2b are a summary of near-worst month
time (August, 1800Z - noon local) and near-best month time (January,
0600Z - midnight local) in terms of the rms of the magnitudes of the

* height errors caused by rawinsonde errors. Each figure provides anno-
tated contours of equal height error plotted on a slant range vs height
plot. Note that the range Is actua'ily a slant range from the sensor to
the target and not a ground range. In aiddition to the height error
contours, the height vs range relationship of typical ray paths is
indicated by the dashed lI-nes for selected annotated elevation angles.
Figures la and 2a cover a height-slant range volume of 250 km by 1500 km
and Figures lb ind 2b are a subset covering heights to 40 km and ranyjes
to 720 km.

(1) As expected, the rms height errors become larger as the
slant range increases and as the target height or elevation angle de-
creases; the increase in height error is rapid for decreasing elevation
angles below 5 degrees.
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